We measured changes in the molar concentration of cytosolic Ca2' ([Ca2+1]) in individual astrocytes in culture produced by the glutamate analog quisqualate (QA) and related substances by using fura-2 digital fluorescence microscopy. In cells cultured from the cortex, hippocampus, and cerebellum, the QA analog a-amino-3-hydroxy-5-methyl-isoxaiole-4-propionate (AMPA; 10 ,uM) produced a slow increase in [Ca2J11 that was modest in amplitude (-200 nM). These effects were completely abolished by 10 ,IM
6-nitro-7-cyano-quinoxaline-2,3-dione (CNQX). In cerebellar astrocytes, similar effects were produced by QA. However, in cortical and hippocampal astrocytes, the response to QA was much more complex. In these cells, QA produced an initial [Ca2+J1 spike that was followed by a sustained influx of Ca2+ ("plateau"). In the absence of extracellular Ca2 , this plateau was abolished but the spike remained. CNQX did not block the spike and only slightly reduced the size of the plateau in some cells. Ni2+ (10 IAM) but not nimodipine (10 ,IM) reduced the amplitude of the plateau. Pretreatment with 100 nM phorbol 12-myristate 13-acetate for 15 min abolished the spike but not the plateau portion of the QA response. Treatment with pertussis toxin at 250 ng/ml for 12-16 hr failed to alter the response. In some instances, the latency of the QA response differed considerably for individual cells in a group. It appeared that the response began in one cell and then spread to neighboring cells. Thus, QA appears to trigger a complex response in some astrocytes consisting of Ca2+ mobilization from intracellular stores and also Ca2+ influx resulting from the activation of AMPA-sensitive and -insensitive pathways.
Two distinct classes of glutamate receptor have been identified in neurons (1) . One category of glutamate receptor ("ionotropic") directly regulates the gating of a variety of ion channels. The glutamate analogues N-methyl-D-aspartate (NMDA), kainate, and a-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA) are archetypal agonists of this family of glutamate receptors (2) . A second category of glutamate receptors ("metabotropic") are linked to guanine nucleotide-binding proteins (G proteins), which regulate phospholipase C and the subsequent production of the intracellular messengers inositol trisphosphate (InsP3) and diacylglycerol (1, (3) (4) (5) (6) . Quisqualate (QA) has been shown to activate both metabotropic and AMPA-sensitive ionotropic receptors (7) . Neuronal glutamate receptors appear to mediate fast synaptic transmission, synaptic plasticity, and neuronal degeneration associated with hypoxia and ischemia (8) (9) (10) . Many of these responses appear to involve increases in neuronal molar concentrations of cytosolic Ca2+ ([Ca2+],) (11) (12) (13) .
It is well established that astrocytes possess high-affinity and high-capacity glutamate uptake mechanisms (14) (15) (16) 
MATERIALS AND METHODS
Cell Culture. Astrocytes were prepared from 3-to 5-day-old newborn rat brains by a modification of the procedure of Booher and Sensenbrenner (22) . Briefly, hippocampus, cortex, and cerebellum were each isolated, finely chopped, and treated with 0.25% trypsin (GIBCO) for 20 min. Tissues were separately dissociated by trituration and allowed to settle. The supernatant from the triturated tissue was centrifuged at 150 x g for 5 min, the pellet was resuspended, and cells were plated on 60-mm culture dishes ( (Fig. 1 ).
Responses to AMPA were observed in -25% of the hippocampal and cerebellar astrocytes examined but were less frequently noted (-5%) in cortical astrocyte cultures (Fig. 1) . In cerebellar astrocytes, the population of cells responding to QA and the characteristics of the response were indistinguish- ible from AMPA responses (Fig. 1) (Fig.  3) . However, as is often the case for agonist-mediated InsP3 responses, a 15-min preincubation of cells with the phorbol ester PMA abolished the response to QA in Ca2+-free medium completely (Fig. 3) . Unlike the spike portion ofthe response, the plateau portion ofthe QA response clearly resulted from Ca2+ influx. Removal QA (Fig. 2B) . Interestingly, the dihydropyridine Ca2l channel blocker nimodipine failed to block this influx. An absence of [Ca2+]1 responses after perfusion with 50 mM K+ further suggested the lack of L-type Ca2+ channels in astrocytes in these cultures. Fig. 4 summarizes these results for responsive hippocampal astrocytes. Responses of cortical astrocytes to these treatments were nearly identical. The characteristic plateau phase and associated oscillations induced by QA in a given cell were well preserved after the spike portion of the response had been abolished by PMA treatment (Fig. 5) . Although post-PMA QA plateaus were reduced 5-34% by CNQX in some cells (n = 7), CNQX was never observed to abolish these responses. Thus, they must result from a second QA-sensitive/AMPA-insensitive influx pathway.
[ We also found evidence of QA-induced Ca2+ mobilization in these cells, as would be predicted from previous studies that demonstrated QA-induced InsP3 synthesis in astrocyte cultures (20, 21, 29, 30) . Agonist-induced InsP3 synthesis has been shown to be blocked by phorbol ester treatment in many cell types (31) . QA-induced Ca2+ mobilization in cortical and hippocampal astrocytes was completely blocked by phorbol ester pretreatment. It is also interesting to note that we found these responses were resistant to PTX treatment. Indeed, QA-induced Ca2+ mobilization in hippocampal neurons is also PTX-insensitive in our hands (32) . This is interesting as metabotropic glutamate responses induced in frog oocytes by brain messenger RNA (a significant proportion of which presumably results from astrocytes) are PTX sensitive (6) . Why this discrepancy exists is unclear. However, both PTX-sensitive and -insensitive G proteins can mediate receptor-induced activation of phospholipase C (33, 34) , and it is possible that metabotropic receptors induced in oocytes make use of an endogenous G protein that is not the one to which they are normally coupled.
The nature of the large QA-induced Ca2+ influx in hippocampal and cortical astrocytes that was insensitive to CNQX is less clear. It is a well-established observation that many InsP3-associated increases in [Ca2+]i are associated with Ca2+ influx subsequent to Ca2+ mobilization (35, 36) . It could represent an InsP3/inositol tetrakisphosphate-or Ca2+-gated channel, a channel gated by another second messenger such as diacylglycerol, a "refilling" channel, or a channel directly gated by the receptor (35) (36) (37) (38) (39) (40) . In the present study, activation of the Ca2+ influx pathway did not appear to require the mobilization of intracellular Ca2' stores, as it was unaffected by PMA pretreatment. Furthermore, as influx was maintained in the continued presence of the agonist, the most parsimonious explanation indicates the presence of a receptor-operated channel (40) .
A particularly striking observation we have made is the apparent ability of QA-induced [Ca2+], increase to propagate from one cell to another. There are several possible explanations for this phenomenon. For example, it could be the result of differential sensitivity of the cells in a cluster to QA. However, another intriguing possibility is that it represents the presence of Ca2+ permeable gap junctions between cells in culture (41) . Indeed, the gap junction protein connexin 43 has recently been detected in astrocytes in high concentrations (42) . Considering that the properties of such cells appear to change very easily in culture (43) , it should be of considerable interest to see whether the phenomenon of Ca2W propagation actually occurs in situ.
